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ERRATA
NASA Technical Note D-25k4
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Page 11: On the right-hand sides of equations (19), (20), and (21),
the signs of the exponents of R should be plus instead of minus.
The corrected equations therefore are:

L
Q I _ «-B/2 T
T eep( -)(- pvj_ 311 € (l—p 8, (19)
Q kp Hp(B) 10%
For laminar heating
Q'I‘ . Vi r-l - e—B/2 1/2 Ta \
= ~ 1.5 73 — (20)
o lam (gr) Hl /2(13) \10
and for turbulent heating
9_]'_’_ ~ 0 3 Vi -3 1l -.e B/2 Rl/5 a. )+ (21)
% ) 1/2 Tk
turb (gr) Hy/5(B) 10

Page 22, lines 5 and 6: The values of m and d at the sonic point
.should be corrected as follows:

= 39.9 1b/sq ft

d = 3.3 in.
Page 23, next line from last: The value 1.5 inches should be 3.3 inches.
Page 30: 1In figure h, the two dimensions labeled 1.5 in. should be

changed to 3.3 in., and the dashed line indicating the change of shape
should be altered accordingly.

NASA-Langley, 1961 Issued 11-17-61
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NATTONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-25k

AN ANALYSIS OF NOSE ABLATION FOR BALLISTIC VEHICLES

By Leonard Roberts
SUMMARY

A simplified analysis is made of the ablation experienced by ballis-
tic vehicles. It is found in general that the heat lost by radiation is
negligible compared with that disposed by ablation. A limiting total
mass loss is found which is independent of vehicle weight and drag and
independent of initial and impact velocity. '

Expressions are presented from which may be calculated the total
mass loss experienced by the nose of the vehlicle at both the stagnation
point, where laminar flow prevails and at the sonic point, where the
flow is considered turbulent. A typical calculation shows the change
in shape of a hemispherical nose during reentry.

INTRODUCTION

The effectiveness of a long-range ballistic vehicle depends largely
on its impact velocity. If such a vehicle is to avoid wind drift, it
must maintain high velocity even down to low altitudes.

One of the foremost problems associated with such a vehicle is the
disposal of excess energy in the form of heat, the rate of disposal of
this heat rather than the total amount being the main consideration.

The most efficilent way to dispose of heat at such high rates is to
provide the vehicle with a shield of material of high thermal capacity,
and since the thermal capacity of metals is limited, materials which
undergo ablation have been used. The removal of material from the sur-
face of the shield during ablation is accompanied by a large loss of
heat; part of the heat is absorbed by the phase change and part by the
additional heating of the ablation products in the boundary layer. (See,
for example, refs. 1 to k.)

An analysis of the ablation experienced by reentry vehicles requires
a knowledge of the motion and heating experience of the vehicle. This
information is provided by the analyses of references 5 and 6, in which
were derived expressions for the heating rates and total heat input.



The purpose of the present report is to derive engineering-type
expressions for the ablation experienced by a ballistic-vehicle shield
near the stagnation and sonic points during reentry into the atmosphere.
In view of the beneficial effects of mass addition into the boundary
layer, the type of ablation considered herein is that in which there is
no liquid film; the material undergoes sublimation at the surface and
thereafter flows over the nose in the boundary layer. The methods applied
to the ablation problem for manned reentry in reference 7 are used to
obtain simple expressions from which may be calculated the total mass
loss and the insulation requirements for any vehicle.

SYMBOLS
A reference area for drag, sq ft
a acceleration, ft/sec2
B ballistic-impact parameter
Cp drag coefficient
c specific heat, Btu/(1b)(°R)
d ablated thickness, in.
G mean dimensionless enthalpy
g gravitational acceleration, ft/sec2
H dimensionless total heat input
Hopp effective heat capacity, Btu/lb
h altitude, ft
J mechanical equivalent of heat, 778 ft-1b/Btu
K convective heating coefficient
k thermal conductivity, Btu/(ft)(sec)(°R)
L latent heat of sublimation, Btu/lb

2 characteristic length of vehicle, ft
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mass of vehicle, slugs
mass ablated, 1b/sq ft

Prandtl number

Schmidt number

1/2 at laminar stagnation point, 4/5 at turbulent sonic
point

total convective heat input, Btu/sq ft
local convective heat-transfer rate, Btu/(sq ft)(sec)

radius of curvature of nose, ft

Reynolds number, Eﬁ!l

i

0
radius of earth, ft
temperature, °R

time, sec

horizontal-velocity component, ft/sec

total velocity, ft/sec

circular velocity, (gr)l/2 = 26,000 ft/sec

concentration of shield material in gaseous form
dimensionless function of 0 determined by equation (1)
outward normal distance from ablation surface, ft

fractional temperature rise of gasecus material



Subscripts:

ins

lam

max

atmospheric density decay parameter, -1

flight-path angle relative to local horizontal, deg
emissivity

fractional decrease in mass loss due to internal shielding
integral thickness of heated layer in solid shield, ft
ablation shielding parameter

coefficient of dynamic viscosity, slugs/ft-sec

density, slugs/cu ft

Stefan-Boltzmann constant 5 x 10~1J Btu £t=2 sec~t oR-k

sublimation condition

solid shield condition
external to gas boundary layer
final, or impact, condition
initial condition
insulation

laminar

maximum

radiation

surface condition

turbulent

gas produced by sublimation

air in boundary layer

O\ o
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0 no sublimation
) free stream
Superscripts:

! differentiation with respect to a

- dimensionless quantity
* sea level

~ mean quantity
ANALYSIS

Motion and Heating

A generalized analysis of reentry into planetary atmospheres has
been made in reference 6 where expressions for laminar and turbulent
convective heating rates were obtained. Those expressions were presented
in a form which makes a study of ablation during reentry a fairly simple
matter as shown in reference 7. In the notation of reference 6, the
equation of motion of a nonlifting ballistic vehicle is written

uZ" + (Br)/“sin y = 0 (1)

where

Z - _fii__CE)l/gﬁ‘}

2 E%K B
Poo = p*e'Bh (2)
l = —-———-——u = l-l-
Ve (gr)l/E

The solution of equation (1) is written

Z = -0 log, él(ﬁr)l/esin y (3)
i



where uj

determined from the vehicle trajectory before reentry.

is the initial dimensionless horizontal component of velocity

The motion and heating history of reentry vehicles has been described
in reference 6 in terms of the functions Z(d), and general expressions
for the primary quantities of interest (for example, maximum decelera-
tion and maximum heating rate) were presented therein. The results of
references 5 and 6 will be expressed herein in terms of total velocity V
rather than the horizontal component u through

-~

v =2
cos 7y
e (1)
V:l:_l
Vi uij
and in terms of the parameters —M—, Vi, and 7.
Cph 1

Impact velocity.- The first quantity of interest for a ballistic
vehicle is the impact velocity Vg, which is most easily obtained from

the density-velocity relation

e _ 28\% w2 (5)
p¥  p*\r CphA &
and equations (3) and (4). 1In terms of a ballistic impact parameter
M -1
B= (£ M siny (6)
p* CpA
equation (5) with £2 =1 and V=V, is written
p
-iB
szeg (7)

The variation of B with vy 1is shown in figure 1. The parameter B

which is used to characterize trajectories in reference 5 may be inter-
preted physically as

O\ 0o B
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CpA p*
B = siny B 7
M
0 Y CDA

oo [, P 2feh)

_ 0
M
h
sin 7

_ Mass of column of air in vehicle path (8)

Mass of vehicle

(where the parameter CpA 1is interpreted as the effective area of cross
section of the vehicle).

Equation (7) shows that the impact velocity increases as B
decreases, a result to be expected in view of the foregoing interpreta-
tion of B.

Maximum deceleration.- As shown in reference 5, the deceleration
1s written

-a = -Bvigsin y vgloge v (9)

which has a maximum value

BV;
l <
-a.m = —=— s8in 7y

at v =e 2, Thus, the vehicle will experience maximum deceleration
before impact if B > 1, but it will experience increasing deceleration

up to impact if B < 1,

Convective laminar and turbulent heating.- The general expression
for the heating rate is

K
qg = ;J_—IE—I; oPyo (10)



where, for laminar flow, at the stagnation point

=41
P=3
(11a)
K, = 2 x 107
and for turbulent flow, at the sonic point
L
p =2 8
5 !
p)
(11b) 6
K, = 9 X 10-7
Equation (10) may be expressed in terms of Z and U as
D 2
0 rE-P\CpA/ \r cosdy 0 (sq ft)(sec)
where v
- -3(Z\P
qg = UB(:> (13)
u
Equations (12) and (13) may be rewritten in terms of v and B as
2°Kp, \PpDy 3.3 D
dg = —L(p*)*B V.7V (-logg v) (14)

R--P

The relation between velocity and time required to integrate equation (14)
is found from equation (9)

a="V; av _ Bvigsin 7 velogg v
dt
or

dv
dt

+ 2
ViB sin y v loge v
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Integration of equation (14) with respect to t then gives
2%y (p%)PpP 5 pl p-1
Q. = v v(-log. v)© “dv
0 i e
Rl-p B sin ¥ A2
- B (o)P(pp sin 7)lv,2E (B) (15)
Rl-p 1 HP
where
Hp(B) = pB7°r(p) (6)

and FB(p) is the incomplete gamma function. The function ﬁb(B) is

shown in figure 2 and lies in the range 0 < ﬁb < 1. In particular when

p = X and B -

2 -1
= 1, 2./1

and the expression for the total heat input in reference 6

2 1/2
gL/2 B sin 7 \CpA 2
is recovered.

The maximum heating rate is found from equation (lh); the maximum
value of v3(—loge v)p occurs at v = e P 3 and gives

P -
(30) g - el (2) (an

It is seen that maximum heating occurs before maximum deceleration
(v = e'l/g) for both laminar and turbulent heating.

Reynolds number.- The Reynolds number is also written in terms of
the parameter B as
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1/2 *

p*V4
Ry _ Voo _ 2(pe) CM Z = % 2(-v loge V) N
l He M, COS 7 DA o

-1

The maximum value of the Reynolds number occurs at V = e and is

written

Be H B [

e [

1

*V ., =B-1

() -2 S g B
max

M\ o

and it may be verified that

*
1 /max Moo

that is, the maximum value is greater than or equal to the sea-level or
impact value, (equality when B = 2). Alternately in terms of the cir-

cular velocity (gr)/2 = 26,000 ft/sec

(59) _130 Vi o100 gyl (18)
max

1 B (gr)l/Q

In order to insure a high impact velocity Vg given by

it is necessary that V; Dbe large and B small. The occurrence of
turbulent flow therefore cannot be avoided as is seen from equation (18).

Surface radiation.- Ballistic reentry is typified by high convective
heating rates and short duration, and it is to be expected that the heat
loss by radiation is negligible compared with the convective input QO.

An estimate of the ratio

Total heat loss by radiation
Total convective heat input

is easily obtained as follows: The duration of reentry is approximately,
from equations (7) and (9), .
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Vi - Ve ve( - e'B/g)(ViB sin 7) %
Gamax)

-l <

and the total heat loss by radiation is approximately

Qp = 4e<l - e'B/g)(ViB sin 7)'loeTau
o\ 4
= Ee(l - e'B/2>(ViB sin 7)'le-—5—
o’
where the numerical value % X lO-12 Btu ft'2 sec'l OR has been used for

the Stefan-Boltzmann constant o.

Thus, by using the expressions for QO given by equation (15),
the ratio Q./Qy 1is written as

_ _oB/2) L(1-p) [T, \¥
Qr . 2ep(.x)-Py.-3|L1 - ¢ p a
Q@ K (01 B, (B) ! €<105> (19)

For laminar heating

(&) -1 Vi = 1 - .-B/2 R.;L/2€<T_a_>1+ (20)
QO lam (gr)l/g Hl/E(B) lOlL

and for turbulent heating

Qr) 0 ] Vi - 1 - e-B/2 -1/5 (Ta.>h
—_ = 0.3 R € (21)
<QO turb (gr)l72 ﬁ4/5(B) ESH

When typical values

Vi

o T

g
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are Inserted, equations (20) and (21) give

i
(_Q.E> ~ D _T.@_>
and

T\ &
90/ turb 10 L
8
Thus, even for mean values of T, of the order of 4,000° R to 5,000° R, 5
the heat lost by radiative cooling is of the order of 5 to 10 percent 6

for laminar flow and even less for turbulent flow.

For vehicles of higher impact velocity (therefore, large Vi and

small B) the heat loss by radiation becomes a decreasingly small frac-
tion of the total convective heat input, as may be seen from the form

of equations (20) and (21). In the following analysis, therefore, radia-
tion from the surface is neglected.

Sublimation and Heat Accumulation

The equations used herein to determine mass loss and accumulation
of heat are those developed in reference T; briefly they are written

~ dm ar
% = [cb (Ta - o) + L+ apdp(Te - Ta)]aE + oy 2| (Ts - To) e]
Heating rate Rate of disposal of heat Rate of accumulation
for no by mass loss of heat by shield
ablation
(22)

In equation (22) & is an integral heated thickness

Or -7
e=f _ T b g, (23)
—ooTS-Tb

a 1s the fractional increase in temperature of the gas products of

sublimation, and Eb is the mean specific heat of the gas mixture in

the boundary layer
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c =c W+ 1 -4
b p,1 CP,Z( W) (211»)

where W is the effective concentration of the shield material in
gaseous form and is given as a function of Schmidt number in reference 2.

The heating rate dg has already been given in terms of the dimen-
sionless velocity v, and the enthalpy p 2(Te - Ta) is also easily
expressed in terms of v ’

2
Vi— 2
éj— v (25)

nf=

Cpsg(Te - Ta> ~ CP:2<Te - Tb) =

Since the purpose of the ablation shield is to dispose of rather
than accumulate heat it may be expected that the second term on the right
of equation (22) will be small compared with the first term; thus, when
the second term is ignored

at L4 %Ep(Te - T,) + cb(TaL - Tb)

;

dm 9 (26)

As in reference 7 the rate of mass loss is expressed in terms of
the vehicle velocity V and the explicit dependence on the time t 1is
eliminated, thus equation (26) is written

b b -p
2K (p*) BTV,
dm _ P L v(-log, v)p 1 - —EJL-— (27)
W gPa, T v+
— =
&J CP;2
where
\ = L+ cp(T, - Tb) _ Maximum internal shielding enthalpy (28)
V. @ o Maximum external shielding enthalpy
11 p
L ——ap _

The maximum mass loss rate will depend on A. When A is small, this

maximum ocecurs at v = e‘p; but when A 1is large, it occurs at v = e_p/5

and coincides with peak heating.

Mass loss.- The total mass loss experienced by the shield during
reentry is found by integration of equation (27) and gives
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2PK,, . \p_-p
—I:E(Q*) B 1
m = R i %(-loge v)p—l(l - ;zll——>dv
2 (g siny) Vs * A

ed
g CP)2

MO

K
1Y *\P
ﬁItﬁ(p )
= < (1 - ) Ib/sq ft (29)
E? —£_ pp siny
g CP)2

Pl

where

,
1 1
‘/ <—72L——>l(-loge v)P " av

Y Ve ve + NV

IR

The quantity n which represents the reduction in mass loss due to
internal shiclding is found by evaluating the integrals in equation (30)
and is given aprroxinately by

(30)

"
p-ldv

<+

(-log, v)
Ve

n = ( A )Hp (31)

1+ A

(The numerical <valuation of equation (30) agrees with equation (31) to
within a few percent.)

The general approximate form for 1 given by equation (31) is
suggested by a similar result derived in reference 7.

By combining eqguations (29) and (51), the total mass loss may be
written

1 o
2 ()58 sin 7) vy TH
gl-P
m = 1b/sq ft (32)
A o
- = i PG
L+ cp(Ty - Typ) + 3 3 G

where

O\ o
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= -1

Gp = Hp | - < A )Hp

p = T (33)

-
Hp

The significance of the function Gp is discussed later.

When the internal shielding is negligible compared with the gas-
layer shielding (A —0), equation (32) reduces to

—;2—(0*)p(pﬁ sin )t
Ri-P
m =

1b/sq ft (34)

1% p
2 gJc
& Cp,2

It is interesting to note that this upper limit is independent of the

ballistic parameter E%K’ the entry velocity Vi and the impact velocity

Vfo

On the other hand, when the gas-layer shielding is negligible com-
pared with the internal shielding (A —)m), the mass loss tends to the limit

Kp ( *)p (pp sin 7)"'lVi2 —

gL-P T Gb(Ta - T}D p (35)

which depends on V; and the impact parameter B  through ﬁé. This

latter limit also applies to a heat sink when L = O, the thermal
capacity then being cb(Ta - Tb) Btu/lb. In general, for an ablation

shield neither the internal shielding nor the gas-layer shielding is
negligible and the mass loss given by equation (#2) is less than either
of the limiting values obtained from equations (3&) or (35).

Effective heat capacity.- The effective heat capacity or heat of
ablation at any time during reentry is a function primarily of the stream
enthalpy and therefore the vehicle speed. When the entire trajectory is
considered however the more appropriate definition is

H _ Total heat disposed by ablation _ QO

eff Total mass loss m

when the accumulation of heat is neglected. By using the expressions
for Q0 and m given by equations (15) and (52), respectively, Heff

may be written
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L Vy° %
Heff =L + Cb(Ta - Tb)+ -2— —g—J—' C(;p o Gp (56)
p,2
where
= =1
H
RS
G =H<[L - -2 )
by P (l+?\> EJ (17
1Y
A
The form of equation (36) is such that 5 _§5-Gp may be interpreted as
g

the mean stream enthalpy during reentry. It is interesting to note that
Gp is a function of A. For very small impact velocities, Ve 0;

then

==

-0

and

1
~ 1
G, - (log ;\ 7‘) - A

independently of p. For large impact velocities, v, -1, and Gp -1

f
for all values of A. Figure 3 shows this range of variation of 5?.

For a fixed value of vy (and, therefore, a fixed value of ﬁb)

B, < Gp < %(ﬁp + 1) (38)

with the lower limit corresponding to A = 0 and the upper limit corre-
sponding to A - .

In order to determine the suitability of a material for use as an
ablation shield, consideration must be given to the amount of insulation
material, The total weight of the shield required to ensure a given
back-surface temperature is the sum of the weight required for ablation
and that required for insulation.

It was shown in reference 7 that an upper limit to the insulation
requirements may be obtained by assuming that the surface temperature is
constant and equal to the ablation temperature throughout reentry and by
ignoring the effect of ablation on the temperature distribution. With
the foregoing approximations, the appropriate solution of the heat-~
conduction equation for a thermally thick shield is written
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'_J
=l

- 1/2
T erre|-[2%) 2 (39)
T, - Ty kyt 2

The temperature distribution T(z) at impact is obtained from equa-
tion (39) by inserting the value te¢. An upper limit to the heat accumu-

lated by the shield is found by integration of equation (39) and gives

6 = (T - ) = () (s - T o)
b14

so that

o - _2_<£b_‘i>l/ -
nl/e ®%p

It i1s seen that the expressions for the temperature distribution and
accumulation of heat depend primarily on the properties of the solid
shield, The ballistic characteristics enter only through the factor

1/2
o2,

Numerical Calculations

General expressions have been derived from which the mass loss
during reentry and the overall effective heat capacity may be determined.
In order to use equations (32) and (36), the quantities Cps

(o4
C 1 ~ —
P P22 ¥+ 1 -%, and H
Cp:2 LPJE

P must be known.

For laminar flow with Np, = NSc = 0.7 the results of reference 2
give

For turbulent flow, the values
ap = 3/10 and W =5/6
give good agreement with the experimental results of reference 8 both

for air and helium injections into the boundary layer. More generally,
equations (32) and (36) may be used in conjunction with experimentally
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determined values of the quantity apgi/cp 5 for the particular material
J

under consideration. &
The shielding parameter A may now be written

For laminar flow:

.- L+ ¢ (Ty - Tp) (41a)

5
8 1oo< ><5 Bt 1
sr 6 PJQ 6

L
8
For turbulent flow: 2
L + cpy(T,; - T
A = o(Ta - To) (41b)
vi© 2 5 1
4,050 P’ =
6 °p 6
)
It is seen that for given values of quantities contained in A, the
turbulent value of A is twice the laminar value. The foregoing
expressions for a cp/ 0,2 and A wused in conjunction with equation (32)
2
provide a simple determination of the mass loss. When the appropriate
values of Kp, B, A, 6% = 0.0027 slugs/cu ft, and B = 23,500 rt-L
are inserted, equation (32) reduces to the following:
For laminar flow:
33, OOO( ) '1/2(51n 7) lHl/2
- = 1b/sq ft (Lea)
c VS \_
- 5,1 L\ 11
L+ c (T, Ty) + 8,100(6 A o S
p,2
and for turbulent flow:
-1/5 1
160, ooo (sm 7) HLL/,j
m = 1b/sq ft (42b)
5 %p,1 1%\
L+ chTa - ) + 4 050(6 % + g> u/5

Similarly, the effective heat capacity is written, from equation (36)
for laminar flow




p,l 1\V

Hepp = L+ cp(Ty - T) + 8,loo<% 6>g;

and for turbulent flow

Ei/g Btu/1b

c vy
Bepp = L+ cp(T, - Tp) + u,osocg p,1, 1\ S /5 Btu/1b

°p,2 6/gr
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(43a)

(43b)

The functions ﬁb and Gp which appear in equations (42a) to (43b) are

defined by equations (16) and (33), respectively.
extremely well approximated as follows:

ﬁb ~ (—2 loge vf)'pF(p + 1)
and
Hp = (l - wp) + wpvf
or for laminar flow

ﬁl/E ~ 0.886(-2 log, vf)—l/2

ﬁi/g ~ 0.35 + 0.65vs
and for turbulent flow

H

~ -4/5
L5~ o.951(-2 log, vf) /

ﬁu/s ~ 0.20 + 0.80v,

The function

Hp is

for vy < 0.15

for Ve > 0.15

-~

Ve < 0.15

Ve > 0.15

7

A
Ve < 0.15

¢ (4ba)

¢ (L)

o

The dimensionless impact velocity vy is determined easily from

equation (7), that is

The function Gﬁ may be determined from equation (33) by using the

foregoing expressions for A and ﬁb.
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It is seen from figures 3(a) and 3(b) that for 0.05 < ve < 0.15
there is little variation of G, with vy and that G, does not vary

. P
appreciably with A for A > 0.15 for laminar flow and A > 0.50 for

turbulent flow. This range of A corresponds roughly to
ghly

gr CP)2
a first approximation the function Gb can be replaced by the numerical

V.2l ¢
L+ cp(T, - Ty) > 1,000 Btu/lb when _5—<2 0 FEN l) ~ l> Thus, as

value 0.6.

An estimate of the amount of insulation is made by writing equa-
tion (39) in the approximate form, at t = te

T-T, _ ez/ef

_0 4
T (45)
Where
1/2
2 (st
£ - n:172 PpCp
and writing
s =V Le(1 -
to ~ L £ _ e( Vf) e Le (46)

('amax) ViB sin 7y ViB sin 7

|| <

Equation (45) then reads

g = 2 PR 1/2 Le l/2log Tg - Ty
Po® = Tt1/2 cy ViB sin 7y E\T - T,

Thus, if at the start of reentry the back surface temperature is Ty
and it is required to limit the temperature to T¢, the amount of insula-
tion is given by

1/2 1/2

by ke - T

Mins = 2 b ‘—'EET——— loge = b> (47)
/2 \ ¢y ViB sin 7y Te - Tp

It is seen from equation (47) that the amount of insulation is reduced

k-
by choosing a material such that o] and (Tg - T are small. Typical
y C a by

values b

O\ o
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Ty - Ty, = 1,0000 R ViB = 1 sec™t

<
Hy
)
=3
o’
]

1/2
(%bkb> = 107 1v/(sq ft)(secl/ED
%

give
mine = 0.56 1b/sq ft

If Ty - Ty, 1is increased to 4,000° R the result is an increase of

mins to 1.21 1b/sq ft.

Change of Shape

An important consideration in the design of an ablation shield is
the change in shape of the shield during reentry. For slender but blunt
nosed vehicles the stagnation point and sonic point may be located fairly
close to each other but nevertheless experience quite different heating
histories. The recession distances at these two points may differ con-
siderably, therefore, especially if the density of the shield is small.
Large changes in shape during reentry can alter the drag characteristics
of the vehicle and must therefore be eliminated or at least be predicted
and planned for.

A complete analysis of the change of shape problem is beyond the
scope of this report, however the recession distances at the stagnation
and sonic points may be calculated very simply from equations (L42a)
and (42b). For example, by using the numerical values

2
\_/.i_:l sj_ny:i
&r 2
(a4
Vf—o.l _EJ_:L:g.
c
p,2 3
R = % £t p, = bk 1v/cu £t

L + cb(Ta - Tb) = 1,000 Btu/lb

the following results are obtained from equations (42a) and (L43a):
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At the stagnation point,
m = 8.38 1b/sq ft
d = 0.7 in.
At the sonic point,
m = 17.95 1b/sq ft
d = 1.5 in.
The recession distances are shown in figure U4 where the sonic point is

considered to be at the 45° position. A sketch of the final shape shows
maximum recession of the surface at this position.

DISCUSSION

The foregoing analysis has been concerned with the loss of material
from, and the accumulation of heat within, an ablation shield of a
ballistic vehicle during reentry. The type of ablation considered is
that in which no liquid film is produced, the products of ablation being
completely gaseous.

Ballistic reentry has been characterized by the ballistic impact
parameter B first introduced in reference 1; this parameter has the
physical interpretation

B = Mass of column of air in vehicle path
Mass of vehicle

so that small values of B lead to high impact velocities. It is seen
from figure 1 that the impact velocity does not change appreciably with

B for values of B greater than 6; however, as B decreases from 6

to 3 (by doubling the vehicle weight, for example, or halving the frontal
area) the impact velocity increases from 0.05Vi to O.2uVi, a factor of

nearly 5. The associated total heat input increases, of course, but by
less than a factor of 2, as seen from figure 2. The total aerodynamic

heat input increases rapidly with impact velocity for values less than

0.05v4 (i.e., B> 6) but increases only linearly for values of the

impact velocity greater than 0.05V; (B < 6), as shown in figure 2.

The first conclusion to be drawn from the analysis is that the
radiative heat losses from the shield are negligible compared with the

N\ Do
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heat disposed by ablation, except for materials having exceedingly high
ablation temperatures and for vehicles of low impact velocity. For a
vehicle having supersonic impact velocity the reentry time is so short
that surface radiation from the vehicle is less than 5 percent of the
total heat input, even 1f the surface operates at a temperature of
4,000° R throughout reentry. Such a surface temperature would naturally
increase the insulation requirements. From this point of view the mate-
rials most appropriate for high Impact velocity vehicles are those which
have fairly low ablation temperatures. The loss of radiative cooling

is more than balanced by the reduction in insulation.

On the other hand, if the material has simultaneously a high abla-
tion temperature and low enough conductivity, it is possible that the
reduction in mass loss due to the lower convective heating rate may off-
set the increase in insulation. Such a high temperature shield may
then be more efficient on an overall weight basis.

The shielding capability of ablation materials has been characterized
by a parameter A, the ratio of internal shielding (the sum of the latent
heat and heat-sink capacity) to external shielding (the capacity of the
ablation gases to absorb heat during convection). When the gas-layer
shielding is predominant (X - 0) the analysis shows that the mass loss
has a limiting value which is independent of the entry and impact veloc-
ities and the vehicle parameter E%K' The total effective heat capacity

1s also virtually independent of this latter parameter over a wide range
of conditions and may be written:

V.2 _
(Heff)lam =L+ Cb(Ta - b) +8 lOO<2 cp’ €>gi Gl/2

2
(Heff) burd - Ot b (T - Tb) + b 050(6 c—Ll * _:6L->gi: a“/5

For the range of conditions presently of interest, Gp is approximately
constant and equal to 0.6 as is seen from figure 3. As the foregoing
expressions indicate, the gas-layer shielding is only one-half as effec-
tive at the sonic point as at the stagnation point.

An 1llustrative calculation with typical numerical values shows
that the surface recession is such that the nose may change shape suffi-
ciently to affect the drag characteristics of the vehicle, in the example
shown in figure 4, the hemisphere with an initial radius of 6 inches
recedes 1.5 inches at the sonic point, compared with 0.7 inch at the
stagnation point.
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CONCLUDING REMARKS

An analysis of the sublimation of material from a ballistiec vehicle
shield has been made. The two controlling parameters of the problem are
found to be the ballistic impact parameter

Mass of column of air in vehicle path

Mass of vehicle

and the ablation shielding parameter

Internal shielding

Gas-layer shielding

General approximate expressions for the total ablation experienced by
the shield at the stagnation and sonic points indicate that the nose
may undergo considerable change in shape during reentry. The simplified
engineering forms of these expressions applied to a hemispherical nose
show the final shape to be indented in the region of the sonic point.

Estimates of the insulation requirements with the use of typical
material properties show that insulation weight makes only a secondary
contribution to the total weight of the shield.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Field, Va., January 14, 1960.
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Figure 1.- Variation of ballistic impact parameter B with impact
velocity.
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Figure L4.- Change of shape of hemispherical cap during reentry.
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